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 Minor actinides govern radiotoxity and heat production after  300 y of 
cooling. Fuel burnup evolution from mid-1980s (~ 33 GWd/tHM) till 
nowadays ( ≥  50 GWd/tHM) (OECD NEA No. 6224; GRS-294). 
Context of the research
Evolution in the front-end of the fuel cycle
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Year -
Average 
burnup
1980 
33 GWd/tHM
2000  UOx
50 GWd/tHM
2000 MOX
50 GWd/tHM
Initial 
enrichment 3.5 % 
235U 4.2 % 235U 8 % Pu(71 % fissile)
totalNp g/t 429 727 219
totalAm g/t 586 915 5940
totalCm g/t 16.1 70.3 589
Nd g/t 4070 6100 5190
With a cooling time 
of 10 y, three fuel 
scenarios were 
calculated using 
ORIGEN-ARP
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Introduction
Partitioning and transmutation of Am alone
 Importance of Am-only partitioning from PUREX raffinate
 Reduction of heat load and size of underground HLW repository (factor of 6-8)
 Reduction of waste radiotoxicity and long-term hazard
 Key challenges:
 High σA(Sm-Dy) → An(III)/Ln(III) partitioning necessary
 Neutron emission of Cm → Am/Cm separation
 Solvent degradation is inevitable
 Treatment of secondary waste → CHON compounds only 
 Proposed methods: 
 1-cycle SANEX, i-SANEX, AmSel (Germany) 
 TALSPEAK, ALSep (US)
 EXAm (France) 
 Direct selective extraction of MA using soft-donor ligands → most compact
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Direct selective MA extraction by CyMe4BTPhen
Effect of 1-octanol radiolysis 
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Lewis et al. JACS.,
133 (2011) 13093-13102
Schmidt et al. Proc. Chem., 
21 (2016) 32-37
RCH•HOH
 Effect of diluent radiolysis: 
 Adduct formation between ligand and
α-hydroxyoctyl radical
 Progressive loss of extraction 
performance of solvent
 CyMe4BTPhen ligand:
 Selective for MA extraction
 Originally demonstrated with 1-
octanol
 Improved kinetics compared to 
CyMe4BTBP
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Direct selective MA extraction by CyMe4BTPhen
Replacement of diluent
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Properties of [A336][NO3]
 Cheap
 Highly viscous
 Good solvent for 
CyMe4BTPhen
 Resistant against third 
phase formation
 Ionic liquids (IL): solvents composed exclusively of ions.
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Nitric acid dependency 0.01 M CyMe4BTPhen 
in [A336] [NO3]
 Extraction conditions: 
 Org.: 0.01 M CyMe4BTPhen in [A336][NO3] 
 Aq.: Various [HNO3], [REE(III)] = 0.01 mM each, + tracers of 241Am, 152Eu and 244Cm
 Equilibration: T = 30 °C for t = 120 min
 Highest selectivity for 
Am(III) – extraction
between 0.5 - 3 M HNO3
 Slight decrease of DAm at 
aqueous feed acidities > 3 M
 Increase of DEu(III) with 
increase of feed acidity
 SFAm/Cm = 12 at 3 M HNO3
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Kinetics of extraction by 0.01 M CyMe4BTPhen +  
0.005 M TODGA in [A336][NO3] 
 Slow kinetics, addition 
of TODGA is necessary
 Higher affinity for 
Am3+ than Eu3+
 Difficult back-
extraction of Am3+
 Extraction conditions: 
 Org.: 0.01 M CyMe4BTPhen + 0.005 M TODGA in [A336][NO3] 
 Aq.: 1 M [HNO3]; [Ln3+] = 0.01 mM each + tracers of 241Am3+, 244Cm3+ and 152Eu3+
 Equilibration: T = 30 °C for t = 5 - 120 min
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Kinetics of extraction by 0.01 M CyMe4BTPhen +  
0.005 M TODGA in [A336][NO3]/1-octanol
 Improved kinetics 
 Higher affinity for 
Am3+ than Eu3+
 Reversibility 
 Extraction conditions: 
 Org.: 0.01 M CyMe4BTPhen + 0.005 M TODGA in 70/30 [A336][NO3] / 1-octanol
 Aq.: 1 M [HNO3]; [Ln3+] = 0.01 mM each + tracers of 241Am3+, 244Cm3+ and 152Eu3+
 Equilibration: T = 30 °C for t = 5 - 120 min
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Nitric acid dependency 0.01 M CyMe4BTPhen 
+ 0.005 M TODGA in [A336] [NO3]/1-octanol
 Extraction conditions: 
 Org.: 0.01 M CyMe4BTPhen + 0.005 M TODGA in 70/30 [A336][NO3] / 1-octanol
 Aq.: Various [HNO3], [REE(III)] = 0.01 mM each, + tracers of 241Am, 152Eu and 244Cm
 Equilibration: T = 30 °C for t = 90 min
 Highest selectivity for 
Am(III) – extraction
between 1- 2 M HNO3
 Slight decrease of DAm at 
aqueous feed acidities > 2 M
 Increase of DLn(III) with 
increase of feed acidity
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Direct selective Am(III) extraction
from simulated HAR solution
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 Initial scoping studies on dilute spiked Ln(III) feed solutions were followed by more 
realistic conditions
 A simulated HAR solution was synthesized 
 “Fuel scenario” : 4.2 % initial 235U enrichment in a PWR UOx fuel with 50 
GWd/tHM burn-up and 10 y cooling and 5000 L/ton dissolution volume
 [A336][NO3] has high affinity for Pd and Ru (abundant fission products) 
 Interference of FP require masking strategy
 CDTA serves to mask Pd(II); oxalic acid masks Zr(IV) and Mo, Ru species
 TTHA and citrate buffer (pH = 4) were used for stripping
TTHA CDTA
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Direct, selective 241Am extraction from 
simulated HAR solution
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Without masking 
agents
0.05 M CDTA + 
0.5 M (COOH)2
DAm 0.3 45
DZr 0.26 < 0.001
DMo < 0.001 0.2
DRu 3.6 2.4
DPd 56.3 0.4
DAg 6.9 1.5
DNd < 0.001 0.03
DEu < 0.001 0.1
DFe < 0.001 0.005
DCo 0.6 4.3
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Back-extraction from loaded organic phase
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 Org.: 0.01 M CyMe4BTPhen + 0.005 M TODGA in [A336][NO3] / 1-octanol (70/30) mixture loaded from 
HAR
 Aq.:  Extraction: 0.05 M CDTA + 0.5 M oxalic acid; 0.01 M HNO3 – Acid scrubbing; 0.05 M TTHA + 0.5 M 
citric acid pH = 4 – Stripping
Acid scrubbing step Stripping step
Crud type of solid material appears upon scrubbing and 
stripping
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Purity of final aqueous “Am-product”
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Element Organic phase Aqueous product
Am3+ < 0.001 99.5%
Ln3+ < 0.001 < 0.001
Mo 9.5 % 3 %
Ru 64 % 5.5 %
Pd 27 % 0.2 %
Ag 21 % 20 %
Co < 0.001 85 %
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Conclusion and outlook
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 Advantages of the investigated system
 Solvent selective for MA
 Higher SFAm/Cm were obtained than in 1-octanol (Lange et al. Solv. Extr Ion Exch. 
35(3) (2017) 161-173, without redox chemistry
 Shortcomings of the system
 Extraction kinetics is still slow
 Interference of FP require masking strategy
 Enrichment of Mo, Ru, Pd, Ag and Co in the organic phase
 Increasing feed acidity deteriorates the selectivity
 Perspectives
 Radiation stability studies (by gamma sources)
 Modified approach to solve the Pd and Ru interference problem
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Thank you for your attention!
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Composition of simulated HAR solution
Corrosion products/process
residues Fission products Fission products
Element Concentration [mg/L] Element
Concentration 
[mg/L] Element
Concentration 
[mg/L]
Fe 1486 La 303 Ag 2
Na 1298 Ce 584 Cd -
Al 0.04 Pr 285 Sn -
Cr 81 Nd 1018 Sb -
Ni 96 Sm 203 Te 119
Cu 51 Eu 39 Cs 566
Zr 826 Gd 60 Ba 409
Mo 5736 Rb 79
Ru 679 Sr 176
Rh 433 Y 115
Pd 360 Se 45
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 Simulated HAR composition intended to represent: 
 Spent PWR UOx fuel with 4.2 % 235U initial enrichment, 5 years of cooling
 50 GWd/t burn-up, 5000 L / ton spent fuel dissolution volume
 4.5 M HNO3 free acidity
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Selective direct extraction of An(III) by
0.010 M CyMe4BTPhen + 0.005 M TODGA in [A336][NO3] 
 Extraction conditions: 
 Org.: 0.010 M CyMe4BTPhen + 0.005 M TODGA in [A336][NO3] 
 Aq.: 4.43 M HNO3. [La(III)-Lu(III)] = 0.1 mM, tracers of 241Am(III), 244Cm(III) and 152Eu(III)
 Stirring for various times at 22 °C
 High SFAm/Eu
 Significantly faster kinetics
than CyMe4BTPhen alone
 Problems with the reversibility
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